Obesity is a metabolic disorder that predisposes patients to numerous diseases and has become a major global public-health concern. Animal models of diet-induced obesity (DIO) are frequently used to study obesity, but which DIO model most accurately reflects the pathology of human obesity remains unclear. In this study, we designed a diet based on the human Western diet (WD) and compared it with the cafeteria diet (CAF) and high-fat diet (HFD) in order to evaluate which diet most closely mirrors human obesity. METHODS: Wistar rats were fed four different diets (WD, CAF, HFD and a low-fat diet) for 18 weeks. Metabolic parameters and gut microbiota changes were then characterized. RESULTS: Rats fed the four different diets exhibited completely different phenotypes, highlighting the importance of diet selection. This study also revealed that WD most effectively induced obesity and obesity-related disorders, and thus proved to be a robust model of human obesity. Moreover, WD-fed rats developed obesity and obesity-related comorbidities independent of major alterations in gut microbiota composition (dysbiosis), whereas CAF-fed rats developed the greatest dysbiosis independent of obesity. We also characterized gut microbiota after feeding on these four different diets and identified five genera that might be involved in the pathogenesis of obesity. CONCLUSIONS: These data suggest that diet, and not the obese state, was the major driving force behind gut microbiota changes. Moreover, the marked dysbiosis observed in CAF-fed rats might have resulted from the presence of several additives present in the CAF diet, or even a lack of essential vitamins and minerals. Based on our findings, we recommend the use of the prototypic WD (designed here) in DIO models. Conversely, CAF could be used to investigate the effects of excessive consumption of industrially produced and highly processed foods, which are characteristic of Western society.
INTRODUCTION
Obesity is a metabolic disorder defined as having a body mass index of ⩾ 30 kg m − 2 . An elevated body mass index is a major risk factor for several complications, including diabetes, cardiovascular disease, cancer and gastrointestinal diseases, and thus it contributes to the overall disease burden worldwide. 1, 2 Moreover, obesity prevalence has increased worldwide at an alarming rate, primarily due to reduced physical activity and Westernization of dietary habits. [1] [2] [3] For instance, in the USA, Western society's archetypal country,~70% of adults are overweight or obese according to the 2013-2014 National Health and Nutrition Examination Survey. 4 The relevance of obesity worldwide has fostered a continual search for improved models for studying obesity, and, among these, one of the most frequently used is the diet-induced obesity (DIO) model. 5 In the DIO models, which provide highly human-like models, numerous obesity-inducing diets are used, including high-fat diets (HFDs) and cafeteria diets (CAFs). 5, 6 In HFDs, various fat sources are used in different proportions, but no consensus exists regarding which HFD is the most appropriate; thus, the phenotypes observed, as well as the physiological and biochemical parameters, might vary between different studies and thereby make comparisons between them challenging. 5 In turn, because CAFs are composed of diverse highly palatable energy-dense foods (for example, cheese, cake, salami and cookies), that contain substantial amounts of salt, sugar and fat, CAFs simulate relatively more closely the human Western diet (WD). 5, 6 Furthermore, CAFs induce obesity and related disorders more efficiently than the traditional HFDs. 7, 8 However, CAFs have been criticized for being even less standardized than the predefined HFDs. 6 Because each animal may choose a diet with a composition different from that chosen by other animals, and because different researchers worldwide have created their own unique CAFs based on regional snacks, animal phenotypes might vary within, and even between studies. Moreover, because highly processed foods commonly contain less than adequate protein, mineral and vitamin contents, animals that are fed such foods might experience nutritional deficiencies. 9 Lastly, highly processed foods also contain large amounts of additives (for example, preservatives, colourings) that could cause additional interference in the results.
Based on the aforementioned issues, we sought to design a prototypic WD to be as similar as possible to the human diet (that is, a diet with high-fat, high-sugar, and high-salt content, and a low-fibre content), but which is nutritionally adequate, free of additives and does not exhibit food heterogeneity (unique mixtures). Our aim was to combine the optimal properties of HFDs and CAFs and thus generate a diet that is highly suitable and reproducible.
In this study, we used three different DIO models. No previously published study has performed a complete comparison between these three DIO models, encompassing evaluation of metabolic dysfunction and gut microbiota. The gut microbiota data are of particular interest since there is an accumulation of evidence that suggests that gut microbiota composition might be associated with the development of obesity, and obesity-associated disorders. [10] [11] [12] [13] To establish which diet model is the most robust and reproducible for studying obesity, we compared the prototypic WD developed by us with the two traditional obesogenic diets, namely HFD and CAF. We hypothesized that our prototypic WD, as compared to HFD or CAF, would provide a more adequate model of human obesity, and we confirmed this through appropriate metabolic characterization. We also investigated and compared alterations in gut microbiota induced by these three diets, based on considering that the documentation of these alterations could provide a foundation for future investigations into the induction of obesity.
MATERIALS AND METHODS Animals
Male Wistar rats (8 weeks old) were obtained from our breeding colony. They were housed three rats/cage with ad libitum access to water and standard commercial chow (Chow Nuvilab CR-1 type; Curitiba, PR, Brazil). Rats were maintained on a 12 h light-dark cycle in a temperaturecontrolled colony room (21°C) for 2 weeks before being randomly assigned to one of the four experimental diet groups (acclimatization).
Ethics statement
All animal experiments were performed at Departamento de Bioquímica of Universidade Federal do Rio Grande do Sul (UFRGS) and were approved by the Ethical Committee on Animal Use (CEUA) of the UFRGS (protocol number 27648). All experimental procedures were performed in accordance with the Guide for Care and Use of Laboratory Animals. 14 
Experimental design
After the end of the acclimatization period, 10-week-old rats (n = 12 per group) were then maintained, ad libitum, for 18 weeks on either an HFD containing 60% kcal from fat, a CAF containing seven human snack foods (cheese, cake, salami, filled biscuit, puff biscuit, crackers and cookies), a WD or a control diet (a matched low-fat chow based on AIN-93). 15 The WD was designed to produce a more realistic model diet of the human WD, with 42.5% kcal being derived from fat, and being high in simple carbohydrates The symbol ' − ' represents 'unknown nutrients' whereas '~' represents 'approximately' . Fiber was halved in our Western Diet because according to Cordain and colleagues (2005) , the content of ingested fibre in the United States is half of that recommended. Salt was increased in our Western Diet to achieve a concentration close to the human Western diet.
e Choline was added to control, high-fat and Western diet in the choline chloride form (52% purity). The choline value of human Western Diet (0.675) was derived from NHANES data and therefore covers choline in different forms (100% purity).
f This cholesterol comes from the lard added to diets taking into account that 100 g of lard has 94 mg of cholesterol (no pure cholesterol was added).
and salt, and low in fibre (the nutrients in our prototypic WD and the typical human WD are compared in Table 1 ). Consequently, the WD was very similar to the CAF but in a standardized way. The WD was designed based on data reporting the current average consumption of a Western society (20-29-yearold males). 3, 16, 17 The nutritional information about the snacks used in the CAF are shown in Supplementary Table S1 . Diets were provided in pellet form (except CAF) and were changed every 2 days. The kcal sources for each diet are provided in Supplementary Table S2 .
Analysis
The supplementary information (Supplementary Appendix-I) describes in more detail the methodologies related to material collection, body weight, food intake, histology, adiposity index, lipid profile, serum metabolites, alanine aminotransferase, aspartate aminotransferase, serum cytokines and hormones levels, the homeostatic model assessment of insulin resistance, N ε -carboxymethyllysine levels, food preference and choice, choline analysis, DNA extraction, and sequencing analysis. The exact sample size (n) for each experimental group is shown in the figure legends.
Statistics
Analysis was performed using ANOVA followed by Tukey post hoc test (homogeneity of variance was tested using Levene's test). In the case of a non-parametric distribution of data, the Kruskal-Wallis test was used. Chi-square tests were used to compare associations of categorical variables with diagnosis of hepatic steatosis. For food preference analysis, an ANOVA was used controlling the day effect. Evaluation of the relationship between the different variables was carried out using Pearson's correlation at the Po0.05 confidence level. Differences in microbial communities were assessed using ANOVA followed by a Tukey-Kramer post hoc test; when only two groups needed to be compared a two-sided Student's t-test was used. No blinding was carried out for data analysis. Samples were excluded when they were outliers. Data are shown as means ± s.e.m. Significant differences are indicated by *Po0.05, **Po0.01 or ***Po0.001 for obesogenic diets vs control, and #Po0.05, ##Po0.01 or ###Po0.001 for comparison between obesogenic diets. Results were statistically evaluated using SPSS 20 (SPSS Inc., Chicago, IL, USA) and graphics were generated using GraphPad Prism 7 (GraphPad Software Inc., San Diego, CA, USA) and STAMP 2.1.3 software. and (e-f) n = 8. Significant differences are indicated by *Po0.05, **P o0.01 or ***P o0.001 for obesogenic diets vs control, and #P o0.05, ##P o0.01 or ###Po 0.001 for comparison between obesogenic diets (ANOVA followed by Tukey).
RESULTS

WD most effectively promoted obesity
Excessive fat accumulation is a hallmark of obesity, and hyperphagia is a common characteristic among rats fed palatable diets;
18,19 therefore, we first measured food intake and animal weight. After 16 weeks, the cumulative food intake (g per rat) was lower in rats fed obesogenic diets compared to the control diet (Figure 1a) . Conversely, cumulative energy intake (kcal per rat) after 16 weeks was highest in CAF-fed rats (Figure 1b ). WD-fed rats gained significantly more weight than rats fed other diets (Figures 1c and d) , even though the CAF-fed rats consumed more calories, which suggests that weight gain occurred regardless of calorie consumption. Fat accumulation and adiposity index were significantly higher in WD-fed rats compared to other diets (Figures 1e and f) . Notably, HFD and CAF, the diets most 05, **P o0.01 or ***P o0.001 for obesogenic diets vs control, and Po0.05, ## P o0.01 or ### Po 0.001 for comparison between obesogenic diets (ANOVA followed by Tukey except hepatic steatosis for which a Chi-square test was applied).
commonly used to induce obesity in rodent models, did not cause a significantly greater amount of fat accumulation compared to the control diet. Similarly, Sampey and colleagues showed that rats fed a HFD gained similar weight to rats fed a matched low-fat diet (resembling our control diet), but gained more weight than rats fed a commercial standard chow, pointing to the importance of choosing the correct control. 7 In our study, the WD and HFD contain the same micronutrient base as the control diet, and therefore, differences between these obesogenic diets and the control diet are not due to micronutrient content. In contrast, CAF is composed of highly processed foods, which tend to be low in minerals, and vitamins 6, 9 (that is, CAF is not micronutritionally Figure 3 . A Western diet led to an increase in serum levels of pro-inflammatory cytokine (TNF-α) and was the only diet that induced insulin resistance as well as increased the leptin/adiponectin ratio. (a) Serum TNF-α expressed in pg ml (a-k) n = 8-12. Significant differences are indicated by *P o0.05, **P o0.01 or ***P o0.001 for obesogenic diets vs control, and #Po0.05, ##P o0.01, or ###Po 0.001 for comparison between obesogenic diets (ANOVA followed by Tukey except for the non-parametric distribution of IL-10 data, where the Kruskal-Wallis test was used).
matched to the control diet). This possible lack of micronutrients may have prevented weight gain compared to control diet. Thus, we believe that CAF models a diet rich in highly processed foods, which is characteristic of Western societies, 6, 16, 20 and not obesity per se. Collectively, these data suggest that WD was the most efficient in inducing excessive adipose tissue accumulation, the major hallmark of obesity.
Obesogenic diets did not strongly affect serum lipid profile or levels of metabolites, alanine aminotransferase and aspartate aminotransferase We then determined the serum lipid profile (feeding/fasting triglycerides (TG), fasting low-density lipoprotein, fasting highdensity lipoprotein, fasting total cholesterol) and the levels of four serum metabolites (uric acid, urea, creatinine and albumin) as well as aspartate aminotransferase and alanine aminotransferase in rats fed these four different diets (Supplementary Table S3 ). The data shown in Supplementary Table S3 revealed increased feeding TG levels in the HFD-and CAF-fed rats, an unexpected decrease in fasting TG levels in the HFD-fed rats, and a decrease in fasting total cholesterol in CAF-fed rats.
WD and CAF were the most palatable diets Because palatable foods lead to overeating and might contribute to the development of obesity, 18, 21 we examined diet palatability, which is critical for determining food preference. 21 In foodpreference tests, both WD and CAF were more palatable than the control diet (Supplementary Figures S1b and c) , and the HFD (Supplementary Figures S1d and e) , whereas HFD palatability was similar to the control diet (Supplementary Figure S1a) . Moreover, a comparison of WD and CAF (Supplementary Figure S1f) revealed a preference for CAF, which might be due to the variety of food available in the CAF because WD and CAF contained similar amounts of salt, sugar and fat.
WD and CAF induced marked hepatic steatosis Non-alcoholic fatty liver disease is a pathological syndrome primarily characterized by hepatic steatosis (TG accumulation in liver cells) and occurs in 80-90% of obese adult humans. 22, 23 Steatosis scoring and histologic imaging revealed that all obesogenic diets induced fat accumulation in the liver (Figures 2a and b) , but direct liver TG measurement revealed that only WD and CAF increased liver TGs (Figure 2c) , corroborating previous findings. 7 As expected, liver fresh weight was significantly higher in WD-and CAF-fed rats than in HFD-and control diet-fed rats (Figure 2d ). Hence, we showed that WD and CAF induce non-alcoholic fatty liver disease more efficiently than HFD in Wistar rats.
Effects of obesogenic diets on inflammation and adipokines We also measured the serum levels of leptin, adiponectin, tumor necrosis factor alpha (TNF-α), interleukin 6 (IL-6) and interleukin 10 (IL-10) (Figure 3 ), because these are considered key adipokines in obesity and related disorders. 24 Serum TNF-α levels, in accord with the increase in adipose tissue (Figures 1e and f) , were higher in WD-fed rats than in CAF-fed rats (Figure 3a) . Conversely, among the obesogenic diets, only CAF induced a decrease in serum IL-10 ( Figure 3b ), although this might not be related to obesity because CAF did not induce a marked accumulation of adipose tissue (Figures 1c-f) . The TNF-α/IL-10 ratio (an inflammation index) did not differ between the four tested diets (Figure 3c ). Unexpectedly, serum interleukin 6 levels were similar between the four diets (Figure 3d ). Although DIO rats and obese humans have markedly increased serum leptin levels relative to control rats and lean humans, 5 only WD induced leptinaemia in our study (Figure 3e ). Intriguingly, serum adiponectin levels, which are commonly lower in obese people than in lean people, 25 were slightly higher in WDfed rats than in rats fed the other diets (Figure 3f) . Nevertheless, in WD-fed rats, the leptin/adiponectin ratio was increased, indicating an imbalance favouring leptin (Figure 3g ).
WD promoted a pre-diabetic condition We observed a slight fasting hyperglycaemia in both HFD-and WD-fed rats (Figure 3h ), although a CAF diet was previously shown to induce higher hyperglycaemia levels than an HFD in mice. 8 Insulin levels and insulin resistance (estimated using HOMA-IR) were~3 times higher in WD-fed rats than in rats fed other diets (Figures 3i and j) . The levels of carboxymethyl-lysine, an advanced glycation end product formed from the non-enzymatic reaction between reducing sugars and proteins, 26 were higher in HFD-and WD-fed rats than in CAF-and control diet-fed rats (Figure 3k ), in line with the effects on hyperglycaemia. Collectively, these data indicate that WD led to a greater impairment in glucose homeostasis than the other obesogenic diets.
Serum IL-10 and liver TG levels were not correlated with adiposity index In this study, CAF induced a maximal reduction in serum IL-10 levels and a maximal increase in liver TG levels, but these data were not correlated with adiposity index (Supplementary Figure S2) , implying that serum IL-10 and liver TG levels might be modulated by CAF-intrinsic factors (such as presence of additives or lack of essential nutrient) and not the obese state. The low weight, the high liver TG levels and the lack of insulinresistance induction in CAF-fed rats reminded us of the methionine-choline-deficient diet model that is widely used to induce non-alcoholic fatty liver disease in rats; these rats present all three of the aforementioned characteristics. Several diets are used to induce non-alcoholic fatty liver disease, such as the methionine-choline-deficient diet, choline-deficient diet, or diets used for DIO models, but in contrast to methionine-cholinedeficient diet, DIO-model diets induce weight gain and insulin resistance.
27,28 Therefore, we hypothesized that CAF-fed rats could be choline deficient. Choline is a nutrient essential for the formation of key compounds such as phosphatidylcholine, sphingomyelin and acetylcholine, and choline deficiency is associated with malnutrition. 29, 30 Thus, in order to reveal whether The box-plot shows the median of the data as a line, the mean of the data as a star and data points outside of the whiskers as crosses (e-g). Bar plots indicate the mean proportion of sequences assigned to each feature (h). Control and CAF diet (n = 4) and HFD and WD diet (n = 3). Significant differences are indicated by *Po 0.05, **P o0.01 or ***P o0.001 for obesogenic diets vs control, and #Po 0.05, ##P o0.01, or ###P o0.001 for comparison between obesogenic diets (ANOVA followed by Tukey-Kramer post hoc).
CAF-fed rats experienced choline deficiency, we assessed choline levels both in the diets and in the rat sera. Quantification of choline chloride and natural choline in the four diets ( Supplementary Table S4 ) revealed that choline content was lowest in CAF, intermediate in control diet, and highest in HFD and WD. Serum phosphatidylcholine (the major fate of choline) levels were low in CAF-fed rats, and intriguingly, also in the control diet-fed rats (Supplementary Figure S3) . Our finding suggests that this essential compound may be evolved in the general state of CAF-fed rats, although this is likely not the only factor because phosphatidylcholine amounts were also low in control rats. A possible explanation for this finding is that low methionine intake can aggravate choline deficiency, because when dietary choline is deficient, methionine can be used for choline synthesis; 30 however, methionine levels were not assessed.
Gut microbial diversity dropped drastically in CAF-fed rats Decreased gut microbial diversity has been linked to human obesity, insulin resistance, dyslipidaemia and inflammation, and also with rodent DIO models. 11, 31, 32 In this study we found that gut microbial diversity was drastically decreased in CAF-fed rats (Figures 4a and b) , suggesting microbial community dysbiosis, which is a disruption of gut microbiota composition that it is known to participate in the pathogenesis of diverse diseases, including obesity, type 1 diabetes and autism. 33 Scatter plot of first and third principal components and heatmap of relative abundances at phylum level revealed grouping of CAF samples We used a principal component analysis to assess whether the different diets produced distinct clusters in terms of the relative abundances of gut microbiota at the phylum level. As a result, we found that the gut microbiota from CAF-fed rats formed a distinct cluster from the microbiota of rats fed other diets (Figure 4c ). This separation was most apparent along the PC1 axis, which explained 89.8% of the total variation. Moreover, the heatmap of relative abundances at the phylum level (Figure 4d ) also separated CAFfed rats from rats fed other diets. These results, together with the diversity data, suggest that the CAF-fed rats have widely different gut microbiota, which implies that CAF feeding leads to greater dysbiosis in rats.
CAF induced major phylum-and genus-level changes in gut microbiota of rats In CAF-fed rats, the relative abundance of Firmicutes decreased, whereas the abundance of Bacteroidetes increased, compared to HFD-or WD-fed rats (Figures 4e and f) . Moreover, our data showed that TM7 abundance in gut microbiota was lower in CAF-fed rats than in WD-fed rats, and Euryarchaeota abundance was lower in CAF-fed rats than in HFD-and WD-fed rats (Figures 4g and h ).
CAF-fed rats presented gut microbial community dysbiosis at the genus level In complete agreement with the results shown in Figure 4 , Bacteroidetes genera (Prevotella and Parabacteroides) bloomed, whereas the major Firmicutes genera (Coprococcus, Oscillospira, Roseburia, Ruminococcus) dropped in CAF-fed rats (Supplementary Figure S4) . Lactobacillus (Firmicutes) also showed a tendency to decrease in CAF-fed rats compared to rats fed the other obesogenic diets, and was higher in HFD-fed rats than in control diet-fed rats (Supplementary Figure S4d) . Among Archaea, the abundance of VadinCA11, a genus included in the phylum Euryarchaeota, was diminished in CAF-fed rats (Supplementary Figure S4h) , which agrees with the decrease seen in Euryarchaeota (Figure 4h ).
The abundance of five genera was altered in gut microbiota from WD-fed rats The aforementioned findings showed that WD induced more obesity hallmarks than HFD and CAF suggesting that WD induces an obesity phenotype more closely related to humans. Therefore, in order to verify the relationship between the microbiota and obesity, we decided to evaluate alterations in gut microbiota at the genus level specifically between the WD and control diet using a Student's t-test. This analysis revealed that five genera were changed in abundance in the gut microbiota of WD-fed rats relative to control: Clostridium, Eubacterium, Anaerotruncus and Holdemania were increased and Candidatus arthromitus was decreased ( Figure 5 ).
DISCUSSION
Obesity is a metabolic disorder that predisposes to numerous diseases and due to its epidemic increase worldwide has made it a major global public-health concern.
1,2 Pre-clinically, obesity is studied using several models, one of which is the DIO model. Diverse obesogenic diets have been used to create DIO models, including HFDs, which vary in the source and proportion of fat, and CAFs, which are prepared using various commonly consumed snacks. 5, 6 However, it is challenging to find a diet that encompasses efficiency in inducing obesity and obesity-related disorders, experimental reproducibility, and effectively models the human WD. Therefore, we aimed to design a diet that combines these three elements, and to assess its efficiency in inducing obesity, obesity-associated metabolic disorders and gut microbiota alterations through a comparison with two traditional obesogenic diets.
The advantages and disadvantages of each of the diets are summarized in Supplementary Table S5 , a 'pros and cons' table prepared based on the literature and our data. The table lists 10 parameters, which are discussed individually. Obesity is described as excessive body-fat accumulation, but not all 'obesogenic' diets induce obesity. 5, 34 In this study, WD, but not HFD and CAF, generated excessive fat accumulation in rats (Figures 1c-f) , revealing the importance of diet choice. CAFs were found to induce obesity and obesity-related dysfunctions more efficiently than HFDs. 7, 8 However, based on a consideration of all the metabolic dysfunctions evaluated here, that is, hepatic steatosis ( Table S3) , we conclude that these obesity-related disorders were induced with low, moderate and high efficiencies in rats fed HFD, CAF and WD, respectively. Diet palatability is an important food Figure 5 . Gut microbial community differences between control and western diet (WD) at genera levels. Extended error bar plot showing all genera where Student's t-test produces a P-value 40.5. Unclassified reads were removed and family was chosen as the parent level (results were based on number of sequences assigned to the family category). Control diet n = 4 and WD diet n = 3. P-values are shown in the figure and P o0.05 was considered statistically significant. characteristic because it promotes overeating, which contributes to the development of obesity. 6, 21 Palatability tests revealed that WD and CAF were the most palatable among the tested diets (Supplementary Figure S1) . HFDs, which commonly vary between 20 and 60% kcal from fat, have been widely used in DIO models but do not fully represent Western human food consumption habits. 5 For this reason, CAFs have been considered by certain investigators to provide a superior DIO model, because CAFs more accurately reflect the variety of highly palatable energy-dense foods prevalent in Western society, and also more efficiently induce obesity. 6, 7 However, CAFs have been criticized for (1) being difficult to standardize in terms of nutritional content, primarily because the type and manufacturing of snacks varies from region to region; (2) they inherently contain food heterogeneity, which could lead to each animal showing preference for a diet composition that differs in nutritional aspects from that selected by every other animal, and this, in turn, might generate phenotypic differences within the animals; and (3) they are composed of highly processed foods, which tend to be low in proteins, minerals and vitamins, and because of this animals might experience nutritional deficiencies. 6, 9 It is known that the nutrient deficiencies may lead to development of obesity-associated metabolic diseases. 35, 36 Thus, the differences noted in CAF, including the altered microbiome profile, may be due to lack of nutrients. In addition to the aforementioned drawbacks, CAFs also contain diverse food additives such as preservatives, colourings, flavourings, artificial antioxidants and emulsifiers that are used in industrialized foods, but are typically absent in control diets. In our CAF for example, we identified 17 additives (Supplementary Table S6 ), several of which are preservatives used to prevent microbial growth in food. Thus, these preservatives might be responsible for the marked dysbiosis that we observed in CAF-fed rats. Similarly, the additives as a whole might be at least partly responsible for the metabolic disorders observed in CAF-fed rats. Therefore, except where the aim is to study the effects of highly processed foods, the results obtained using CAFs must be interpreted with care. In this regard, it might also be preferable to use, as in our study, control diets featuring the same nutritional base of the obesogenic diets, which would help in avoiding bias in the interpretation of results. For instance, Sampey and colleagues obtained distinct results when they compared obesogenic diets with a commercial standard chow or a matched low-fat diet. 7 Lastly, because CAFs are more prone to breaking and crumbling than other diets, the diet can be easily lost among wood shavings (as we observed here) and this prevents accurate measurement of food consumption.
The microbiota plays a critical role in the development of obesity and obesity-associated dysfunctions, and transplantation of the microbiota from obese mice into lean mice is sufficient to make the lean mice obese. 10, 11, [37] [38] [39] However, our data revealed that certain obesogenic diets (for example, our WD) might induce obesity and obesity-related comorbidities in the absence of marked gut microbiota alterations (in this study, the WD effect was different only when compared with control diet; Figure 5 ), corroborating previous findings. 40 Although mild compared to gut microbiota changes in rats fed CAF, these gut microbiota changes may still be involved in the development of obesity and obesityrelated disorders. Conversely, other obesogenic diets (for example, the CAF diet used here) can induce large gut microbiota changes regardless of the obesity state. Collectively, these data suggest that diet was the driving force behind the gut microbiota changes that we observed, and although rats fed CAF and WD had different gut microbiota profiles, these profiles may both be involved in the metabolic changes found in each group. Furthermore, we suggest that the marked dysbiosis developed in CAF-fed rats was potentially due to the presence of several additives in the diet or even the lack of essential vitamins and minerals (Supplementary Tables S5 and S6 ). Lastly, we characterized gut microbiota in these three different diets and identified five genera that might be involved in the pathogenesis of obesity ( Figure 5 ).
Reproducibility has emerged as a growing concern in the scientific literature. [41] [42] [43] [44] Because the obesogenic diets used for DIO models are not standardized (as discussed above), these diets induce phenotypes that vary considerably among studies and therefore cannot be readily compared. 5 Consequently, such studies evaluate, for example, the effects of diet X or Y, and not the effects of obesity. Accordingly, the rats in our study showed completely different phenotypes depending on the diet they were fed. Therefore, diets must be selected based on the study's purpose. We believe that it is an important goal to define an optimal diet, because this would make obesity studies comparable. Based on our work, we propose the use of the prototypic WD (designed here) for studying obesity and obesity-associated disorders in DIO models. Conversely, CAFs could be used for examining the effects of excessive consumption of industrialized and highly processed foods, which is characteristic of Western society, 6, 16, 20 and not for obesity studies per se; otherwise, caution should be exercised when interpreting the results and comparing them with the findings from other studies. Moreover, the single HFD tested here revealed itself to be a poor model for studying obesity. Finally, diet effects depend not only on diet composition but also on the rodent type, strain and sex. 5 Female rodent models, for example, are more prone to DIO than males. 45 Therefore, these factors should also be taken into account for better metabolic characterization of these diets.
